Trimethylation of histone H3 at lysine 27 (H3K27me3) is a chromatin mark associated with Polycomb-mediated gene repression. Despite its critical role in development, it remains largely unclear how this mark is targeted to defined loci in mammalian cells. Here, we use iterative genome editing to identify small DNA sequences capable of autonomously recruiting Polycomb. We inserted 28 DNA elements at a defined chromosomal position in mouse embryonic stem cells and assessed their ability to promote H3K27me3 deposition. Combined with deletion analysis, we identified DNA elements as short as 220 nucleotides that correctly recapitulate endogenous H3K27me3 patterns. Functional Polycomb recruiter sequences are invariably CpG-rich but require protection against DNA methylation. Alternatively, their activity can be blocked by placement of an active promoter-enhancer pair in cis. Taken together, these data support the model whereby PRC2 recruitment at specific targets in mammals is positively regulated by local CpG density yet obstructed by transcriptional activity or DNA methylation. P olycomb group (PcG) proteins are required for proper finetuning of gene expression and act in part through modifications of histones (1) (2) (3) . Initially identified in Drosophila melanogaster as regulators of homeobox gene expression and body segmentation, PcG proteins are also essential in mammals and implicated in many cellular processes, including maintenance of pluripotency and lineage-commitment (4, 5) . PcG proteins form two main complexes, PRC1 and PRC2 (6) . PRC1 monoubiquitylates histone H2A lysine 119 (H2AK119), and PRC2 harbors histone methyltransferase activity toward histone H3 lysine 27 (H3K27) (7, 8) . Both chromatin marks are associated with gene repression and are essential for embryonic stem (ES) cell differentiation (1, 9) . Mammalian PRC2 consists of three core proteins essential for its catalytic activity: Enhancer of zeste homolog 2 (EZH2), Suppressor of zeste homolog (SUZ12), and Embryonic ectoderm development (EED). Genome-wide analysis of the H3K27me3 mark in different cell types and during in vitro differentiation of ES cells revealed the mark to be dynamic during lineage-commitment, suggesting that the complex is recruited to target sites in a cell-type-specific manner (10, 11) . Canonical PRC1 consists of RING1A/B, several chromodomain proteins (CBX), one of six polycomb ring finger proteins (PCGF), and three different polycomb-like (PCL) proteins (12) . It has been demonstrated that canonical PRC1 is recruited to sites marked by H3K27me3 via the CBX proteins that specifically interact with the methylated lysine (9) . PRC1-bound sites are often ubiquitylated on lysine 119 of histone H2A (H2AK119ub) (13) , a chromatin modification that can impart gene repression through inhibition of the transcriptional machinery (14, 15) .
The mechanisms by which PcG proteins are recruited to specific genomic sites are still elusive. In D. melanogaster, transgenic experiments showed that Polycomb can be recruited to polycomb responsive elements (PREs), leading to repression of reporter genes (16) (17) (18) . Several transcription factor (TF) binding motifs are enriched within fly PREs and might contribute to Polycomb recruitment (18, 19) . In mammals, PRC2 and the H3K27me3 mark localize mainly to transcriptionally inactive regions rich in CpG dinucleotides, referred to as CpG-islands (CGIs) (20) (21) (22) (23) . CGIs are unique to vertebrate genomes that show global DNA methylation (24) . These regulatory regions make up two-thirds of all promoters and are under high selection for the presence of regulatory motifs more complex than CG, which are occupied by TFs (25) . It thus remains critical to understand if high CpG dinucleotide frequency is indeed sufficient to direct PRC2 recruitment.
Here we aimed to identify DNA elements that can autonomously establish an H3K27me3 domain and dissect their function through iterative testing of sequence variants. To control for position effect and copy number, we used recombination-mediated cassette exchange (RMCE) to insert DNA elements into the same genetic locus. These repeated insertions identify DNA fragments as short as 220 nt capable of autonomously acquiring H3K27me3 in a heterologous genomic context. This ability is determined by the presence of unmethylated CpG dinucleotides, yet the celltype-specific acquisition of H3K27me3 during differentiation is dependent on the presence of a cell-type-specific enhancer.
Results
Small DNA Elements Autonomously Recruit PcG Proteins and Establish an H3K27me3 Domain When Placed at an Ectopic Locus in ES Cells.
Candidate recruiter sequences for PRC2 were chosen based on their enrichment for H3K27me3 and SUZ12 in genome-wide ChIP datasets from murine ES cells (26, 27) . Because the majority of SUZ12 peaks lie within CGIs (20, 21) , we asked if candidate CGIs can act autonomously to promote H3K27me3 when inserted in a heterologous genomic environment. We Significance Polycomb repressive complex 2 functions in gene repression and acts by methylating histone H3 at lysine 27 (H3K27me3). Despite its relevance, it remains elusive how this complex is recruited to its target sites in the genome. Here, we used repeated genomic targeting in embryonic stem cells to identify DNA sequence determinants that autonomously confer H3K27me3 recruitment. We show that surprisingly small CGrich DNA sequences are sufficient to recruit H3K27me3, but only if they are devoid of DNA methylation and transcriptional activity. This study provides new insights into the mechanisms recruiting H3K27me3 and the cross-talk between diverse chromatin modifications.
chose eight candidate CGIs, ranging in size from 550 nt to 1,000 nt, and included elements that are putative promoters as well as elements located within exons and intergenic regions ( Fig. 1 B-E and Fig. S1 B-E). In addition, we inserted a ninth CGI overlapping with the promoter of the exosome complex component gene Exosc9. This element does not harbor H3K27me3 at its endogenous site and served as a negative control (Fig. 1F) .
All nine elements were inserted separately into a previously described target site in the β-globin locus using CRE-mediated recombination (28) (Fig. 1A) . Importantly, the globin locus and several hundred kilobases of surrounding region contain no preexisting H3K27 methylation in stem cells (Fig. S1A) , making this site suitable to test for the autonomous ability of DNA elements to recruit this chromatin mark. Moreover, the RMCE approach relies only on negative selection and the preexisting marker gene is removed during the insertion, leaving behind only the sequence of interest flanked by loxP sites (Fig. 1A) . Following verification of correct insertion, we tested for the presence of H3K27me3 at all elements by ChIP. For each of the eight putative recruiter elements, we observed the acquisition of H3K27me3 after insertion at the globin locus ( Fig. 1 B-E) . This recruitment is specific because no enrichment was observed at the element that served as a negative control (Fig. 1F) , whereas the endogenous positive control showed consistent H3K27me3 levels in all generated stem cell lines (Fig. S2J) . Importantly, the H3K27me3 levels detected at the eight functional elements are comparable to those observed at their endogenous loci, consistent with full sequence autonomy in recruitment of this chromatin mark. This finding is particularly intriguing in light of the relatively small sizes of tested sequences that range from 542 to 901 bp, and demonstrates that elements of less than 1 kb can establish a local H3K27me3 domain. To control for the possibility that ectopic H3K27me3 enrichment merely reflects increased histone H3 abundance, we measured the levels of total H3 at both the endogenous and ectopic sites. All tested sequences revealed no significant differences in nucleosome occupancy between ectopic and endogenous sites. Thus, differential H3 occupancy cannot explain H3K27me3 enrichment signals ( Fig. S2 A-I) .
We next sought to test for presence of Polycomb components at the ectopic sites capable of establishing H3K27me3 domains. All insertion elements with detectable H3K27me3 recruitment were also enriched for the PRC2 component SUZ12 (Fig. 1 B-E and Fig. S1 B-E). Furthermore, five of eight K27 recruiter elements displayed SUZ12 levels comparable to that of their endogenous counterpart. We also tested for the presence of RING1B at the inserted elements ( Fig. 1 B-F and Fig. S1 B-E). Indeed, the majority of elements displayed detectable levels of RING1B, which positively correlate with the presence of SUZ12 (Fig. S1F) . Although we detect Polycomb components at ectopic H3K27me3 recruiter fragments, the strength of Polycomb enrichment is often less than what is seen at the endogenous equivalent. Whereas this finding may indicate that the tested DNA elements do not fully stabilize Polycomb complex binding to chromatin, this recruitment is nevertheless sufficient for the establishment of an H3K27me3 domain. Another possible explanation for the lower levels of Polycomb components at the ectopic site lies in how enrichment can be quantified between ectopic and endogenous amplicons. To distinguish ectopic from endogenous enrichment, one primer must be placed outside the recruiting sequence, thereby limiting quantification to the border of the element to be tested (Fig. 1A) . This discrepancy is far less pronounced regarding H3K27me3, an observation in agreement with broad distribution patterns detected in H3K27me3 ChIP datasets.
Regardless, all tested CGIs are able to autonomously establish an H3K27me3 domain and recruit Polycomb components. This observation suggests that local sequence autonomy may be a general feature of Polycomb recruitment in the mouse genome. We next asked if further deletions could identify even smaller sequence elements as functional recruiters for the H3K27me3 mark.
Small Functional PRC2 Recruiter Elements Cover Less than Two
Nucleosomes. To dissect length requirements and potentially identify regions essential for PRC2 recruitment, we tested subfragments of the identified recruiter elements ranging from 218 to 445 nt. The resulting eight fragments were separately inserted and SUZ12 and H3K27me3 enrichments were measured ( and Fig. S3 ). Enrichments varied between elements, indicating that these smaller elements do not show a uniform ability to recruit a functional polycomb complex. For example, the 3′ half of CGI3 shows no recruitment of H3K27me3, but the 5′ half shows strong recruitment, despite the fact that both are comparable in size ( Fig. 2C and Fig. S3C ). Importantly these insertion experiments show that elements as short as 218 nt can be sufficient to create a local H3K27me3 domain ( Fig. 2D and Fig.  S3D ). Thus, DNA regions spanning less than two nucleosomes can be sufficient to recruit PRC2 components and establish H3K27 methylation patterns similar to their endogenous site. (Fig. 3A) . Remarkably, when inserted in the β-globin locus, however, this CGI recruits the H3K27me3 mark already in stem cells even though it is absent at the endogenous locus (Fig. 3B) . Similarly, both SUZ12 and RING1B are enriched only at the ectopic locus, but not endogenously (Fig.  3B) . Thus, outside of the native genomic locus, this sequence recruits the Polycomb machinery in a cell-type-independent manner. The Utf1 locus codes for an established pluripotency factor (29) and is exclusively expressed in ES cells (30) . Upon differentiation into neuronal progenitors, Utf1 expression is shut off, accompanied by the gain of H3K27me3 (Fig. 3A) . Expression of the Utf1 gene is regulated by a proximal downstream enhancer positioned adjacent to the CGI (31). To determine whether the transcriptional context is required to regulate cell-type-specific H3K27me3 recruitment, we inserted the entire Utf1 locus including the promoter and enhancer. Addition of these cis-regulatory elements resulted in loss of H3K27me3 acquisition in stem cells, mimicking the endogenous locus (Fig. 3C) . Furthermore, upon in vitro differentiation of ES cells into neural progenitors (NPs), we observed acquisition of H3K27me3 as well as SUZ12 and RING1B at the ectopic locus similar to the endogenous site, indicating that the dynamic pattern of this chromatin mark is now reconstituted at the ectopic site in both ES cells and NPs ( Fig. 3C and Fig. S4 A and B) . Again, there was no significant difference in total H3 occupancy between ES cells and NPs, excluding that the observed changes in H3K27me3 are caused by increased histone abundance (Fig. S4C) . A potential explanation for the loss of H3K27me in stem cells is that the presence of promoter and enhancer leads to transcriptional activation, which in turn counteracts Polycomb recruitment. To test this theory, we sought to reduce the transcriptional activity of the promoter-enhancer pair with minimal changes in its sequence. The Utf1 enhancer contains an OCT4/SOX2 binding site (31) , both key transcription factors of the pluripotency network active in stem cells. Genome-wide profiles of SOX2 in ES cells and NPs confirmed that the factor is bound to the Utf1 enhancer in ES cells, but not in NPs (32) . We thus inserted a construct with a 15-nt deletion within the enhancer, effectively removing the OCT4/SOX2 binding site while leaving the enhancer otherwise unchanged. Expression from this construct was analyzed by replacing the Utf1 gene with a luciferase reporter as transcripts from the endogenous Utf1 locus and ectopic site are otherwise indistinguishable (Fig. S4D ). After insertion, we compared expression of both constructs revealing that deletion of the OCT4/SOX2 binding site abolishes transcription, leading to a 100-to 200-fold decrease in luciferase activity (Fig. S4D ). To determine if this affects H3K27me3 acquisition, we next inserted the enhancer mutation in combination with the Utf1 gene. As expected, SOX2 binding was strongly reduced at the mutated enhancer compared with the wild-type construct (Fig. S4E ). More importantly, however, and in contrast to the unaltered enhancer construct, this mutant now showed premature acquisition of H3K27me3 in stem cells (Fig. 3D) . Thus, the presence of the Utf1 promoter-enhancer pair is necessary to inhibit H3K27me3 acquisition of the overlapping CGI in stem cells and loss of enhancer activity is sufficient to cause premature recruitment of H3K27me3 to the Utf1 CGI.
Transcriptional Context Arbitrates Recruitment Abilities. To test whether the antagonism between recruitment and transcription was specific to the Utf1 recruiter element, we replaced the Utf1 gene-body CGI between the promoter-enhancer pair with the recruiter CGI10 (Fig. 1D) . Insertion of CGI10 in the context of the Utf1 promoter-enhancer combination indeed inhibited H3K27me3 acquisition in ESCs (Fig. 3E) . Furthermore, upon differentiation into NPs, the CGI reacquired the H3K27me3 mark concomitant with loss of transcriptional activity ( Fig. 3E and Fig. S4F ). Using mutated constructs, we also observed that the OCT4/SOX2 binding site in the enhancer is essential for preventing H3K27me3 deposition in ES cells (Fig. 3F) . To further verify that H3K27me3 recruitment in NPs is indeed mediated by the CGI10 and not the Utf1 promoter or enhancer, we repeated the experiment with the CGI10 replaced by the nonrecruiting CGI14 (Figs. 1F and 3G ). This construct no longer acquired H3K27me3 upon differentiation, confirming that the observed gain of this histone mark at the CGI10 construct was indeed due to the presence of the inserted CGI. Thus, cell-type-specific recruitment of the H3K27me3 mark can be counteracted by transcriptional activation mediated by surrounding regulatory regions.
DNA Methylation and H3K27me3 Recruitment Exclude Each Other at
CpG Islands. All tested recruiter sequence elements are CpGdense because they originate from CGIs, suggesting that CpG dinucleotides might play an important role in the recruitment of the H3K27me3 mark to these target sites. In support of this model, we did not observe H3K27me3 at the CpG-free luciferase reporter construct described above, even in the inactive state (Fig. S4G) , indicating that CpG dinucleotides are required for H3K27me3 recruitment. Such a model has previously been proposed based on the strong presence of H3K27me3 at CGIs (20, 21) and the observation that two CpG-rich elements from the Escherichia coli genome become H3K27-methylated when placed into stem cells as part of larger transgenes (22, 23) . The identification of small endogenous sequences that can autonomously recruit H3K27me3 enabled us to rigorously test this model. To determine if the density of CpGs and their individual position is sufficient for recruitment, we synthetically modified three of the identified sequence elements (Fig. 4) . Specifically, we kept all CpG dinucleotides and their relative positions but replaced the rest of the sequence with random stretches of prokaryotic DNA from the E. coli genome. The purpose of this approach was to remove sequence cues (e.g., TF motifs) other than the CpG dinucleotides. Upon insertion, only one of three tested elements recruited SUZ12 and showed H3K27me3 levels reminiscent of the wild-type fragment (Fig. 4A and Fig. S5A ), whereas the other two displayed strongly reduced levels (Fig. 4 B and C and Fig. S5 B and C) . Thus, CpG frequency and position cannot solely account for the ability to recruit H3K27me3. Notably, of the three modified recruiter elements above, the construct capable of recruitment also has the highest CpG density, suggesting that very high CpG density could indeed be sufficient (Fig. 4) .
We have previously suggested that TF binding within CGIs contributes to their low DNA methylation (28) , which could be relevant for the recruitment of the H3K27me3 mark because occupancy of DNA methylation and H3K27me3 in ES cells has been observed to be mutually exclusive at CGIs (33) , leading to the hypothesis that DNA methylation could inhibit H3K27me3 acquisition. To explore whether increased DNA methylation could account for the absence of H3K27me3 at the two elements with modified sequence backbone, we first determined their DNA methylation state. Bisulphite sequencing revealed that elements depleted in H3K27me3 upon alteration of the sequence backbone were indeed fully DNA-methylated (Fig. 4 B and C and Fig. S6 A  and B) . Conversely, their wild-type counterparts showed little to no DNA methylation upon insertion (84% vs. 19% and 94% vs. 17%, respectively). The third element retaining H3K27me3 showed very low methylation, even with the prokaryotic backbone (14% vs. 0%) (Fig. 4A and Fig. S6C ). Thus, loss of Polycomb recruitment coincides with increased susceptibility to DNA methylation. This finding is compatible with the observation of increased H3K27 methylation upon global loss of DNA methylation (23, 24, 33, 34) , which we also observe in our genome-wide datasets (Fig. S7A) . With this in mind, we also analyzed the DNA methylation of the smaller fragments described above (Fig. 2C) . Again, the smaller fragment that lost the ability to recruit H3K27me3 became fully DNA-methylated (Fig. S6D) . Taken together, these results support a model of competition between DNA methylation and H3K27me3 recruitment at the tested CGIs.
Trimethylation of H3 at lysine 4 (H3K4me3) has been demonstrated to co-occupy PRC2-bound CpG islands in ES cells resulting in bivalent domains (35) . When determining H3K4me3 levels at the three elements above, CGI3 and CGI10 both displayed low levels of H3K4me3 at the endogenous site and at wild-type inserts (Fig. S5 E and F) . This signal was reduced upon sequence mutation in agreement with observations that H3K4me3 is absent at methylated CGIs (36) . In the case of CGI6, the wild-type insert showed high levels of H3K4me3, whereas the signal in the mutant was reduced even though it remains DNA unmethylated and maintains wild-type levels of H3K27me3 (Fig. 4A and Fig. S5D ). One potential explanation is that mutation of the sequence backbone removed TF binding sites that positively affect H3K4 methylation at this sequence.
DNA Methylation Counteracts H3K27me3 Recruitment. If DNA methylation at the two modified recruiter elements inhibits deposition of H3K27me3, removing DNA methylation should recover H3K27me3.
To test this theory, we treated the respective cells with the DNMT inhibitor 5-Aza-2′-deoxycytidine (37), which resulted in loss of DNA methylation to levels closely reflecting those observed at wild-type CGIs (Fig. S7 B and C) . Strikingly, reacquisition of H3K27me3 levels comparable to the corresponding wild-type sequences occurred coincident with reduced DNA methylation ( Fig. 5 A and B) . We thus conclude that DNA methylation can block the ability of CpG-rich DNA stretches to recruit the H3K27me3 mark.
The above results predict that a CGI that is not K27-methylated should be either DNA-methylated or transcriptionally active. This result is indeed what we observe at the level of the genome (Fig. S7D ) and at the CGI that was used as a negative control and which did not recruit PRC2 (CGI14) (Fig. 1D ). This particular sequence is not DNA-methylated after insertion but recruits efficiently RNA polymerase, similar to its endogenous site, again in line with this model (Fig. S6 E and F) .
Discussion
Using iterative genome editing, we define minimal DNA sequence elements capable of recruiting PRC2 as well as PRC1 and acquire H3K27me3 in stem cells. The genomic locus used in our studies is otherwise devoid of this mark, allowing us to identify DNA elements as short as 220 nt that autonomously create local H3K27me3 domains. Furthermore, we could recapitulate H3K27me3 dynamics upon differentiation into neural precursors, demonstrating that the cellular signal for recruiting the Polycomb machinery is encoded within the target DNA sequence. Of particular note, by genetically uncoupling the contribution of CpGs from the rest of the DNA sequence we show that CpG frequency and positioning is sufficient to recruit PRC2 and establish an H3K27me3 domain. Additionally, we demonstrate that DNA methylation inhibits H3K27me3 deposition at CpG-rich sequences and that this inhibition can be reversed upon chemical removal of DNA methylation. These observations readily explain the occupancy of H3K27me3 and DNA methylation observed throughout the genome (23, 24, 33, 34) . They extend previous studies that already suggested a role for CpG dinucleotides in PRC2 recruitment (22, 23) but are also more comprehensive and provide novel mechanistic details. Interestingly, a recent study suggests that in vitro PRC2 activity is not directly inhibited by DNA methylation (38) . It is thus possible that the antagonistic effect of DNA methylation on H3K27me3 deposition that we observe in vivo is dependent on additional factors, possibly the presence of methyl-CpG-binding proteins (39) .
Our data reveal that the transcriptional context surrounding recruiter sequences is critical in H3K27me3 establishment. By coupling enhancer-dependent activation to otherwise transcriptionally inert constructs, we were able to inhibit premature acquisition of the H3K27me3 mark. This result suggests that active transcription prevents PRC2 binding, a finding confirmed by minimal deletions in motifs for activating transcription factors. Importantly, although the transcriptional state of a promoter is critical in H3K27me3 deposition, our data argue that it is codependent on CpG density. It is important to note that alternate transcriptional contexts have been implicated in recruiting the polycomb machinery to chromatin. For example, PRC2 has been suggested to interact with RNAs in a promiscuous manner, leading to an elaborate model whereby nascent RNA accumulation results in a chromatin state refractory to H3K27me3 deposition (40) . Our observations implicate transcriptional activity as an antagonistic factor for PRC2 activity and are thus compatible with these findings. Notably, our results argue that acquisition of H3K27me3 is not the cause of target gene repression, but rather occurs in the absence of a transcriptional activator at CG-rich sequences. This result is in line with the very recent finding that global inhibition of transcription increases H3K27 methylation in stem cells (41) . TFs themselves have been implicated in modulating local levels of H3K27 methylation, and in line with the above model many of these factors serve as transcriptional repressors (e.g., REST and SNAI1) (42) (43) (44) . Notably, ES cells lacking REST display only subtle effects on H3K27me3 levels at target loci, whereas more pronounced implications are observed upon neuronal differentiation (42) . Additionally, loss of REST often accompanies transcriptional up-regulation (42) , an observation compatible with our enhancer mutation experiments. A precedent for TF-mediated H3K27me3 deposition was originally described in D. melanogaster where, among others, the TF pleiohomeotic (Pho) seems to be involved in recruiting Polycomb (18, (45) (46) (47) . The mammalian homolog Yin-Yang1 (YY1), however, displays mutually exclusive binding patterns with PRC2 in mouse stem cells (48) .
Notably, the fly genome lacks DNA methylation and CGIs and it is thus tempting to speculate that the adaptation to these genomic elements in mammals played a role in shaping H3K27me3 distribution. A critical question is thus how unmethylated CpGs are interpreted to become H3K27me3 domains in mammalian genomes. Although several CXXC domain-containing proteins can recognize the unmethylated CpG dinucleotide (49) , it is unclear if they account for the observed genome-wide H3K27me3 distribution. Indeed, two recent studies have shown that the CXXC domain protein KDM2B interacts with noncanonical PRC1 and binds to CGIs in stem cells (50, 51) . Importantly, however, KDM2B cannot solely account for PRC1 recruitment as the protein also binds active CGIs (50, 51) . Furthermore, loss of KDM2B only results in a mild reduction of PRC1 recruitment at relatively few targets (50, 51) . Another factor implicated in PRC2 recruitment is the lysine methyltransferase cofactor JARID2 (27, (52) (53) (54) (55) . Although JARID2 may be involved in this process, it actually binds CG-rich DNA with relatively low affinity (53, 56) and its loss results only in mild H3K27me3 changes (53, 55) , indicating that JARID2 may fine-tune rather than directly recruit PRC2.
In summary, our findings are in agreement with the concept that PRC1 and PRC2 are recruited to transcriptionally inactive, unmethylated CpG-rich DNA sequences (22, 23, 57, 58) . We envision a model whereby unmethylated CGIs are PRC2 occupied by default in the absence of active transcription. Presence of the H3K27me3 mark may serve to suppress sporadic expression of target genes, while concurrently allowing for future transcriptional activation. The dispensability of PRC2 in ES cells lends support to this model, as well as the fact that only few-if any-genes are upregulated in PRC2-null stem cells (1, 41, 59) .
Through analysis of several sequence variants in a controlled system we were able to delineate a set of guidelines for H3K27me3 recruitment in mouse embryonic stem cells. Critical parameters for this establishment include CpG density, transcriptional competency, and DNA methylation. The robustness of these criteria is exemplified by our experiments recapitulating Polycomb recruitment on an element spanning less than two nucleosomes.
Methods
Cell Lines and Cell Culture. TC-1 ES cells (28) and Dnmt TKO cells (60) were cultured on 0.2% gelatin-coated dishes. Growth medium consisted of DMEM (Invitrogen) supplemented with 15% (vol/vol) FCS (Invitrogen), 1× nonessential amino acids (Invitrogen), 1 mM L-glutamine, LIF, and 0.001% β-mercaptoethanol. Differentiation was performed as previously described (61) . Treatment with 5-Aza-2′-deoxycytidine (Sigma) was performed over a course of 4 d at a concentration of 0.1 μM.
Recombination Mediated Cassette Exchange. For targeted insertion, DNA fragments were cloned into a plasmid containing a multiple cloning site flanked by two inverted L1 LoxP sites (L1-poly-1L). Promoter regions were amplified from TC-1 ES cell genomic DNA (primers in Table S1 ) or synthesized (modified CGIs shown in Table S2 ), and TF binding site deletions were introduced by Quick-Change PCR. RMCE was performed as described previously (28), with slight modifications. See SI Methods for detailed RMCE protocol.
ChIP. ChIP was carried out as previously described (36), using 70 μg of chromatin and 5 μg of the corresponding antibody. A detailed ChIP protocol and list of used antibodies is available in SI Methods. Primers used for quantitative PCR (qPCR) are listed in Table S3 . H3K27me3 ChIP in TKO-133 cells was subjected to high-throughput sequencing on an Illumina GAII sequencer using standard Illumina library preparation kits and protocols (GEO accession no. GSE56110). For details regarding sequencing data analysis, see SI Methods.
Methylation Analysis. Genomic DNA (2 μg) was bisulfite converted with the EpiTec Bisulfite Kit (Qiagen). Regions of interest were amplified by PCR and cloned by TOPOTA cloning (Invitrogen). Sequences were analyzed using BiQ Analyzer (62) . Bisulphite-specific PCR primers used are listed in Table S3 .
RNA Expression. RNA was isolated using TRIzol/chloroform extraction and cDNA synthesis was performed using the PrimeScript RT reagent Kit (Takara). Corresponding cDNA levels were measured by quantitative PCR and normalized to endogenous LaminB levels.
Luciferase Activity Measurement. Lysate preparation and measurement of luciferase activity was done according to the Luciferase Assay Kit (Promega). Luminescence was normalized to total protein content in the lysate measured with a BCA Protein Assay Kit (Pierce).
